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Oxidative stress and radioiodine
treatment of differentiated thyroid
cancer
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Piotr Szumowski3, Janusz Mysliwiec?, Janusz Dzieciot*, Adam Kretowski2 &

Anna Poptawska-Kita?"*

Itis hypothesized that the oxidative stress level in thyroid cancer patients is additionally upregulated
by radioactive iodine (RAI) treatment, that may exert an important impact on future health

concerns. In our study, we evaluated the oxidative stress level changes using the measurement of
malondialdehyde (MDA) concentration in patients with differentiated thyroid cancer (DTC) undergoing
RAI treatment. Considering the results obtained in the study group, the serum levels of MDA in DTC
patients were significantly higher compared to the healthy subjects (p<0.05). The MDA concentration
was significantly higher on the third day after RAI (p <0.001) and significantly lower one year after RAI
(p<0.05) in DTC patients compared to the baseline concentration. Moreover, the redox stabilization
after RAl treatment in patients with DTC during a year-long observation was demonstrated.
Accordingly, an increased oxidative stress impact on the related biochemical parameters reflecting
the health conditions of the DTC patients was determined. Our study showed that increased oxidative
stress reflected by MDA measurements in DTC patients is further enhanced by RAI, but this effect is no
longer observed one year after the therapy.

Thyroid cancer is the fifth most frequently occurring type of malignancies, with an estimated number of > 62,000
new cases diagnosed every year'. Women are at particular risk for this cancer, with 22.2/100,000 individuals
seriously affected every year®. Among thyroid follicular tumorigenesis, the largest group includes differentiated
carcinomas (approximately 90% of cases), with papillary cancer constituting the vast majority’. The most crucial
role in the diagnosis and treatment of this malignancy is played by the biopsy, with subsequent thyroid resection’.
After surgery, radioactive iodine (RAI) treatment is recommended to eradicate potential residual disease and
improve prognosis*’. Nevertheless, the increased oxidative stress level observed during cancer metastasis, which
promotes transformation with the proliferation of cancer cells, could be additionally upregulated by RAI*S.
Despite significant progress in relevant diagnostics tools, thyroid cancer is still a significant clinical problem’.
The literature data underline the increasing incidence of thyroid cancer overdiagnoses and overtreatment”*.
Therefore, new screening biomarkers are constantly being evaluated, not only under the hypothesis of assessing
the risk of cancer occurrence, but also to evaluate the effectiveness of undergoing such therapy and the risk of
occurrence for late-stage side effects’. Malondialdehyde (MDA) is the main naturally occurring product of lipid
peroxidation. Accordingly, MDA is a well-established marker for screening and monitoring the oxidation stress
level. The MDA measurement was also previously established as a biomarker of oxidative stress and chemo-
therapy response marker in patients with primary ocular carcinoma'’. Moreover, the tumor-related cytotoxicity
promotion and inhibitory impact on antioxidant enzymes activity can be analyzed by MDA measurement®.
Thus, the aim of this study was to evaluate the MDA concentration in DTC patients undergoing RAI treatment
and its correlation with thyroid hormones and lipid profile.
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DTC group p-value (baseline DTC | p-value (DTC
Units Control group Visit 1 Visit 2 Visit 3 vs. control group) between visits)

MDA (uM) 1.61 (0.46; 2.12) 3.24 (2.02; 4.88)-9.57) | 4.24 (2.94; 5.40) 1.10 (0.47; 4.32) <0.001 <0.001

TSH (uIU/mL) | 1.58 (1.22;2.19) 0.51 (0.54;2.30) 8.25 (5.13; 26.85) 0.06 (0.02; 0.31) <0.05 <0.001

fT3 (pg/mL) 2.90 (2.50; 3.38) 2.50 (2.21; 2.78-) 2.19 (1.86; 2.40) 2.68 (2.39; 3.03) <0.01 <0.05

fT4 (ng/dL) 1.17 (1.09; 1.35) 1.29 (1.08; 1.46) 1.05 (0.83; 1.33) 1.29 (1.19; 1.41) <0.05 <0.01

TGB (ng/ml) 0.04 (0.04; 0.05) 10.3 (6.45; 10.70) 2.45 (0.57; 9.78) 0.04 (0.04; 0.04) <0.05 <0.05
TGBAb (IU/mL) 3.47 (2.43;7.28) 31.20 (1.36; 7.31)) 3.33 (1.64; 6.27) 2.09 (0.74; 7.88) <0.05 NS

CRP (mg/L) 0.48 (0.18; 1.76) 1.30 (0.7;3.30) 1.30 (0.60; 3.05) 1.50 (1.00; 2.80) <0.05 NS

TG (mg/dL) | 89.00 (63.00; 139.50) 85.00 (66.5; 126.00) 95.00 (71.25; 149.50) 94.00 (71.00; 129.00) | NS NS

LDL (mg/dL) 98.00 (78.8; 122.3) 127.50 (107.3; 151.00) 123.00 (101.00; 168.00) | 122.00 (99.00; 164.00) | <0.05 NS

HDL (mg/dL) 52.62 (43.87; 64.38) 52.00 (46; 76) 52.00 (45.25; 64.00) 52.00 (44.00; 62.5) NS NS

CHOL (mg/dL) | 180.00 (169.50; 219.50) | 198.00 (158.50-253.50) | 188.00 (161.00; 247.00) | 192.00 (153.00; 221.5) | NS NS

Glucose (mg/dL) 84.00 (79.75; 98.75) 93.50 (87.00-101.30) 94.00 (86.00; 102.00) 91.00 (86.00; 102.80) NS NS

Table 1. Comparison of the biochemical parameters between the control and study groups (median and
lower and upper quartiles). Comparison between the study and control groups was performed using a Mann-
Whitney U test, and differences between visits among DTC patients were evaluated using a Friedman’s test.
CHOL cholesterol, CRP C-reactive protein, DTC differentiated thyroid cancer, fT3 free triiodothyronine, fT4
free thyroxine, HDL high-density lipoprotein, LDL low-density lipoprotein, MDA malondialdehyde, NS not
significant, TG triglyceride, TGB thyroglobulin, TGBAb thyroglobulin antibodies, TSH thyroid-stimulating
hormone.

Results

Biochemical results. At baseline (V1), the groups did not differ significantly in terms of triglyceride (TG),
HDL, total cholesterol (CHOL), and glucose levels (all p>0.05). MDA concentration was higher in DTC group
when compared to healthy individuals (p <0.001). The TSH, fT3 and fT'4 concentrations were significantly lower
among the DTC patients compared to the healthy subjects (p <0.05; p<0.01, and p <0.05; respectively). How-
ever, the thyroglobulin (TGB), LDL and CRP concentrations were increased compared to those obtained from
the control group (p <0.001; p<0.05 and p <0.001, respectively) (Table 1).

During the second visit (V2), performed three days after RAI, the TSH, TGB, LDL, CRP, and glucose con-
centrations were significantly higher in the DTC patients compared to the control group (p <0.001, p<0.01,
p<0.01, p<0.01, and p <0.05, respectively). Moreover, when comparing visits 1 and 2, the TSH concentration was
significantly higher during visit 2 (p <0.001), while CHOL, T3, and fT4 were considerably lower (all p <0.05).
No difference between the TGB, TG, HDL, CHOL, and TGBAD concentrations measured between the study (V2)
and control group was observed (Fig. 2). During the third visit performed one year after RAI, the TSH, LDL,
CRP, and glucose concentrations remained upregulated in the DTC patients compared to the healthy subjects
(p<0.001, p<0.05, p<0.05, and p<0.05, respectively). Nevertheless, the fT3, fT4, CHOL, TG, HDL, TGB and
TGBAD concentrations at visit 3 showed no difference between the study and control groups (Fig. 1).

Comparing the baseline (V1) and one-year observation (V3) follow-up measurements, the concentrations of
CHOL, LDL, HDL, TG, glucose, CRP, fT4, TGB and TGBAb did not significantly differ among the DTC patients.
Accordingly, a significant decrease in the TSH concentration was observed in the study group compared to visit
1 (p<0.01). Moreover, none of the participants was diagnosed with DTC relapse in one year observation.

Ablation-induced effects on MDA serum profile. The MDA concentrations determined at V1 and
V2 were significantly higher in the DTC patients compared to the control group (p <0.001). No significant dif-
ference between V3 and the control group in the MDA measurements was observed (p >0.05). Concerning the
ablation scheme among the DTC patients, the MDA concentrations measured during V2 were higher compared
to those obtained during V1 and V3 (both p <0.001). Additionally, the MDA concentrations at visit 3 were also
significantly decreased compared to V1 measurement (p <0.001) (Fig. 2).

Relationship between the oxidative stress marker and biochemical measurements. A Spear-
man’s rank-order regression was performed to study the relationship between MDA and both the baseline (visit
1) and follow-up (visits 2 and 3) biochemical parameters. A positive correlation was observed between baseline
MDA and HDL (r=0.52; p<0.05) and CHOL (r=0.58; p<0.05). Additionally, the MDA at visit 1 was corre-
lated with LDL (r=0.32; p<0.05) and CHOL (r=0.45; p<0.05) at visit 2, as well as TG (r=0.37; p<0.05), LDL
(r=0.40; p<0.05), and CHOL (r=0.33; p <0.05) at visit 3.

Considering the parameters for visit 2, MDA was found to be correlated with CHOL (r=0.34; p <0.05) and
TSH (r=0.31; p<0.05). However, a correlation was also observed between MDA measured three days after abla-
tion and baseline TG (r=-0.51; p<0.05) and HDL (r=0.52; p <0.05), and LDL measured one year after ablation
treatment (r=0.29; p <0.05).

Moreover, considering visit 3 only, the MDA concentration was correlated with fT4 (r=0.29; p <0.05).
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Figure 1. The parameter profiles measured during the study: (A) thyroglobulin (TGB); (B) thyroid-stimulating
hormone (TSH); (C) free triiodothyronine (fT3); (D) free thyroxine (fT4); (E) thyroglobulin antibodies
(TGBADb); (F) triglyceride (TG); (G) low-density lipoprotein (LDL); (H) high-density lipoprotein (HDL); (I)
total cholesterol (CHOL); (J) glucose (GLU); (K) C-reactive protein (CRP). C control group; V visit. Asterisks
indicate significant differences (*p <0.05; **p <0.01; ***p <0.001; ****p <0.0001) compared with corresponding

control.
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Figure 2. MDA concentrations in the DTC patients among the ablation treatments. ***p <0.001; C control

group; MDA malondialdehyde; v visit.
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MDA (V1) | MDA (V2) | MDA (V3)
MDA (V1) 0.68 0.29*
TSH (V1) 0.06 0.01 0.03
fT3 (V1) -0.14 -0.03 0.35*
fT4 (V1) -0.20 -0.15 0.04
TGB (V1) 0.01 -0.14 -0.15
TGBAD (V1) -0.25 -0.16 0.01
BIT dose -0.06 0.04 -0.49*
CRP (V1) -0.07 -0.1 -0.04
TG (V1) 0.00 -0.51* -0.37
LDL (V1) 0.44 0.46 0.51*
HDL (V1) 0.52* 0.52* 0.44
CHOL (V1) 0.58* 0.39 0.53*
Glucose (V1) 0.32 0.21 0.36
MDA (V2) 0.68 0.30*
TSH (V2) 0.21 0.27* 0.26
fT3 (V2) -0.13 -0.07 -0.06
T4 (V2) -0.03 -0.10 -0.32*
TGB (V2) 0.04 —-0.004 -0.23
TGBAb (V2) | -0.24 -0.17 0.07
CRP (V2) 0.27 0.07 0.05
TG (V2) 0.51 0.17 0.08
LDL (V2) 0.32* 0.21 0.18
HDL (V2) 0.04 0.07 0.24
CHOL (V2) 0.45* 0.29% 0.30*
Glucose (V2) 0.04 0.0 -0.09
MDA (V3) 0.29* 0.30*
TSH (V3) 0.02 0.04 -0.03
fT3 (V3) -0.31 -0.24 -0.33
fT4 (V3) -0.14 -0.07 0.29*
TGB (V3) 0.04 0.06 0.07
TGBAD (V3) -0.29 -0.25 0.15
CRP (V3) 0.18 0.02 -0.01
TG (V3) 0.37* 0.11 -0.06
LDL (V3) 0.40* 0.29% 0.07
HDL (V3) -0.07 0.00 0.12
CHOL (V3) 0.33* 0.18 0.12
Glucose (V3) 0.11 0.00 0.17

Table 2. Spearman’s correlation of the MDA concentrations and the other measurements at visit 1 (baseline),
visit 2 (3 days after the RAI treatment), and visit 3 (1 year after the RAI treatment). '] radioiodine, TGBAb
thyroglobulin antibodies, CHOL cholesterol, CRP human C-reactive protein, fT3 free triiodothyronine, fT4
free thyroxine, HDL high-density lipoprotein, LDL low-density lipoprotein, MDA malondialdehyde, TG
triglyceride, TSH thyroid-stimulating hormone. *p <0.05.

The Spearman’s correlations between MDA at visit 3 and fT3, LDL, and CHOL at visit 1 were r=0.35, r=0.51,
and r=0.53, respectively (p <0.05 for all). The MDA at visit 3 was also correlated with fT4 (r=-0.32; p <0.05)
and CHOL (r=0.30; p <0.05) at visit 2.

Considering the relationship between MDA concentrations during the study and the 'I dose, a negative
correlation was observed only in the case of MDA at visit 3 (r=-0.49; p <0.05). The MDA measured at visit 1
was positively correlated with the MDA concentration one year after ablation (r=0.29; p <0.05). No relationship
was observed between the MDA concentrations, CRP, and glucose (Table 2).

Additionally, a correlation matrix was employed to evaluate the relationship between the biochemical param-
eters in the DTC patients. Considering the control group, a negative correlation was observed between TSH
and fT4 (r=-0.63; p <0.05) and between glucose (GLU) and HDL (r=-0.48; p<0.05). A positive correlation
between CRP and GLU was also demonstrated (r=0.75; p <0.05), as well as between TG and GLU (r=0.45;
p<0.05) (Fig. 3A).

Considering the visit 1 parameters, a strong negative correlation between TSH and fT3 (r=-0.54; p <0.05),
as well as between TSH and fT4 (r=-0.73; p <0.05), was observed. Furthermore, the medium negative correla-
tion was observed between TGB and TGBAg (r=-0.29; p <0.05) and between TGB and T3 (r=-0.35; p <0.05).

Scientific Reports |

(2021) 11:17126 | https://doi.org/10.1038/s41598-021-96637-5 nature portfolio



www.nature.com/scientificreports/

[} gt
@ > =
o o T = T - = B e
o o 2 5 9 - - > < I >
© o 2 o o 39 0o o © s @ m o250
O o (¢} © m o T _ -]
588Fp:-8%82003233 2900ppz8pE2F 4
- £ |
S 2P P2EE S5 2 8 6 10 = == 1.0
: - -0.06(-0.06[0.02 |-0.30(-0.09(0.28 [0:38 | 0.27 -0.11[-0.25-0.50
MDA C 0.27 0.06 | 0.16 [-0.04 0.08 | 0.23 |-0.22| 0.03 131 dose &
MDA V1|-0.06 0.01 |-0.25( 0.06 [-0.14|-0.20|-0.07 0.32
TGB C|-027 0 |-0.18(0:25]0.06 |-0.17(0.19 |-0.09 [ 0.15 | 0.26 |-0.28
TGB V1[-0.06|0.01 -0.29(0.13 [-0.35(-0.14(-0.15(0.34 (-0.23(-0.10| 0.04 |-0.10
TGBAb C 0 025|012 [ 0.21 [-0.14[-0.05 0,21 |-0.02 [-0.02 | 0.06 05
0.5 TGBAb V1]|0.02 |-0.25|-0.29 0.02|0.17 | 0.05 -0.09|-0.25| 0.19 |-0.22|-0.04 0.05 b
TSH C| 0.06 |-0.18 |-0.25 0.05 0.16 |-0.06 [-0.13| 0.25 | 0.16 |-0.22 .
TSH V1|-0.30{0.06|0.13 | 0.02 -0.54/ -0.24|-0.04 [-0.41/-0.33 |-0.25|-0.06
fT3 C|o0.16 |0.25 | 0.12 | 0.05 0.03|0.25 008|011 | 0.02 | 0.28 | 0.30
fT3 V1|-0.09|-0.14-0.35/ 0.17 € -0.17|0.15 |-0.06| 0.01 | 0.20
T4 C|-0.04 | 0.06 | 0.21 -0.03 -0.08 0.03 [-0.14 [ 0.03 | 0.05
L. 0 T4 V1|0.28 [-0.20|-0.14 0. 0.22 (0.19 |-0.01 -0.01 - 410
-0.17|-0.14| 0.16 | 0.25 |-0.08 -0.03 | 043 (-0.33 | -0.09 T
CRR:G G CRP V10:38|-0.07|-0.15(-0.09|-0.24 -0.39 -0.45/-0.03
CHOL Cfizios| g 0.05| :0.06 [[0.08 o o1 o TG V1|o2r 0.34[-0.25(-0.04|-0.17| 0.2 -0.38[-0.47 -0.38|-0.28
TG C|023|-009|021|-0.13| 0.11 | 0.03 043 -0.42| 0.09 I 05 LDL V1 0.23]0.10 |-0.41| 0.15 | 0.10 |-0.30]-0.38 064 070 N l o
HDL C|-0.22{0.15 |-0.02 [ 0.25 | 0.02 |-0.14 |-0.33| 0.10 (-0.42 0.20 |-0.48 HDL V1[-0.11 _0.10]-0.22|-0.33|-0.06|-0.01 -0.47 007 7Y 0.09
LDL C|0.03|0.26 |-0.02| 0.16 | 0.28 | 0.03 |-0.09 0.09 | 0.20 -0.21 CHOL V1|-0.25 0.04 |-0.04/-0.25| 0.01 -0.45/-0.38 [{u 0.8 035
GLU C| 043|028 0.06 [-0.22|0.30 | 0.05 -0.10 -0.48 | -0.21 GLU V1[-0.50{0.32 |-0.10 0.05 |-0.06| 0.20 |-0.01 |-0.03|-0.28| 0.10 | 0.09 | 0.35
-1.0 -1.0
® N © ®
1] > o @ > [l
o o o N N N S 0 ™ o [ » > o
C v > E RSNy >a S>3 D T >3 28 00 >0%88 8 75>
S < oo T 2 > >, L0 o S < madT 2 2 a > 20 o
0 00T oOoAD I A SO0 00 ®» e T oOQ DI I
L 2 - - EE OCF 3T CO 10 X = k- - - EBEE O F 3T OO0 10
1-131 dose| 0.01|0.02 [-0.01|-0.21{0.19 [0.29| 0.13 (-0.06 | 0.04 -0.11|-0.12| 0.07 ’ 1-131 dose -049( 0.24 |-0.09|-0.18|0.37 | -0.07(0.16 |-0.05| 0.02 0.04(-0.20 ’
MDA V2]-0.01 -0.17|0.27 |-0.07|-0.10{ 0.07 | 0.7 | 0.21 | 0.07 [ 0.29 MDA V3048 0.07 [0.15 [-0.03|-0.33{ 0.28 |-0.01|-0.06| 0.07 | 0.12 [ 0.12 | 0.17
TGB V2|0.02 -0.46| 0.12 [-0.34/-0.03| 0.03  0.06 | 0.20 [ 0.13 | 0.24 | 0.16 TGB V3|0.24|0.07 0.11(0.12|0.16 [-0.09 -0.09-0.12|-0.33(-0.20/-0.29
TGBAb V2[-0.01|-0.17|-046 -0.21(0.33 |-0.02 0.03 |-0.07|-0.25(-0.30|-0.28 | 0.02 0.5 TGBAb V3[-0.09]0.15 [0.11 -0.13|0.18 [0.26 |-0.09(-0.01|-0.21( 0.08 |-0.07  0.16 0.5
TSH V2[-0.21|0.27 |0.12 |-0.21 -0.45(-0.39|-0.12( 0.16 | 0.26  0.17 [0.35 | 0.03 TSH V3|-0.18/-0.03(0.12|-0.13 -0.36(-0.30/-0.18 0.06 | 0.37 | 0.10 [0.31
fT3 V2|0.19|-007|-0.34(0.33 |-0.45 GIGEH 0.18 (-0.23|-0.39|-0.24 |-0.48|-0.13 fT3 V3|0.37 |-0.33| 0.16 | 0.18 |-0.36 -0.100.17 (-0.87(-0.05| 0.15 |-0.07 |-0.34
fT4 V2[0.28 |-0.10(-0.03|-0.02|-0.39 Jlak: 0.26 -0.28|-0.01(-0.31(-0.14 F 40 T4 V3|-0.07{0.28 -0.09(0.26 |-0.30|-0.10 0.16 |-0.09/-0.21/ 0.08 [-0.05( 0.09 F 40
CRP V2(0.13]0.07 | 0.03 | 0.03 |-0.12| 0.18 0.26 0.32 (-0.05/-0.25|-0.06 | 0.17 CRP V3|0.16|-0.01 -0.09(-0.18(0.17 | 0.16 0.21|-0.09(-0.31|-0.12| 0.18
TG V2|-0.06/0.17 | 0.06 |-0.07|0.16 |-0.23 032 0.29|-0.10{0.400.16 TG V3|-0.05/-0.06(-0.09(-0.01| 0.06 |-0.37(-0.09]| 0.21 0.14 -0.18(0.23 | 0.18
LDL V2|0.04 [0.21 | 0.20 [-0.25]0.26 -0.39|-0.28(-0.05| 0.29 0.04 L 1 o5 LDL V3|0.02|0.07 [-0.12|-0.21{0.37|-0.05|-0.21|-0.09 | 0.14 57 e [ S
HDL V2]-0.11/0.07 | 0.13 |-0.30| 0.17 (-0.24|-0.01|-0.25|-0.10 -0.03 HDL V3 0.12 |-0.33| 0,08 | 0.10 | 0.15 [ 0.08 [-0.31(-0.18 0.12
CHOL V2[-0.12|029 [0.24 |-0.28|0.35 |-0.48|-0.31-0.06 | 0.40 [ 0.11 CHOL V3|-0.04|0.12 |-0.20|-0.07 |0.31 |-0.07 |-0.05|-0.12 ( 0.23 0.05
GLU V2|o0.07 0.16 0.02|0.03 -0.13|-0.14[ 0.17 | 0.16 | 0.04 |-0.03| 0.11 GLU V3]-0.20/0.17 |[-0.29]| 0.16 -0.34/0.090.18  0.18|-0.12(-0.12/ 0.05
i -1.0

Figure 3. Graphical Spearman’s correlation matrix of the biochemical parameters: (A) control group; (B) visit

1 (before ablation treatment); (C) visit 2 (three days after ablation treatment); (D) visit 3 (1 year after ablation
treatment); C control group; CHOL cholesterol; CRP C-reactive protein; fT3 free triiodothyronine; fT4 free
thyroxine; HDL high-density lipoprotein; LDL low-density lipoprotein; MDA malondialdehyde; TG triglyceride;
TGB thyroglobulin; TGBAb thyroglobulin antibodies; TSH thyroid-stimulating hormone; V visit.

Additionally, the TSH concentration correlated with the *'I dose in the DTC patients three days after ablation
treatment. The fT'4 concentration also correlated with fT3 and CRP (r=0.58 and r=0.50, respectively; both
p<0.05). A correlation between LDL and CHOL (r=0.79) and HDL (r=0.64) was also observed (both p <0.05)
(Fig. 3B).

Among the biochemical parameters measured three days after ablation, TGBAb was in correlation with fT'3
(r=0.33), HDL (r=-0.30) and TGB (r=-0.46) (both p <0.50). Moreover, the TSH concentration correlated with
T3 (r=-0.45), fT4 (r=-0.39), and CHOL (r=0.35) (all p <0.05). Furthermore, medium negative correlation
was observed between TGB and fT3 concentration (r=-0.34; p <0.05). Correlations between TG and LDL, CRP,
and CHOL were likewise demonstrated (r=0.29, r=0.32, and r=0.40, respectively; all p <0.05). No association
between biochemical measurements and the *'I dose used in the ablation treatment was observed (Fig. 3C).

Considering the follow-up parameters one year after ablation treatment, fT3 correlated with TSH (r=-0.36),
TG (r=-0.37), and the *'I dose used (r=0.37) (p < 0.05 for all). Furthermore, medium negative correlation was
observed between TGB and HDL concentration (r=-0.33; p <0.05). A correlation was also found between TSH
and LDL (r=0.37; p <0.05), as well as between HDL and CRP (r=-0.31; p <0.05) (Fig. 3D).
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Discussion

Thyroid cancer is a significant clinical problem due to the growing number of patients suffering from this
disease”’. Surgery is the treatment of choice for primary and recurrent DTC'!. At present, to reduce the risk of
tumor recurrence after DTC resection, RAI is applied'. However, despite its beneficial therapeutic effect, expo-
sure to radiation can lead to several oxidative alterations in tissue metabolism>'*'*. Thus, comprehensive studies
are needed to demonstrate the possible health effects of DTC patients undergoing RAI treatment. Research on
the influence of RAT on liver function in DTC patients showed a significant decrease in total protein albumin,
globulin, alanine aminotransferase, and y-glutamyl transferase after six months of ablation, suggesting a nega-
tive effect on liver function!®. Moreover, Sen et al. observed that bilirubin is elevated after multiple high-dose
RAI treatments, indicating the potential protective effect of bilirubin on liver function'®. Some of the literature
data supports the hypothesis that exposure to chronic oxidative stress can enhance the progression of radiation-
induced late side effects, which have been analyzed in clinical studies™!-'°. The results of previously published
studies confirmed the early redox imbalance on the third day after RAI, which is in agreement with the results
obtained in our study®. The significant increase in the MDA concentration observed at visit 2 compared to visits
1 and 3 clearly demonstrates the early increase of oxidative stress after ablation treatment. The health effects
induced by oxidative stress should be considered in DTC patients. Thus, additional antioxidant supplementa-
tion could be implemented to neutralize the increased level of reactive oxygen species (ROS) responsible for the
RAI-related side-effect occurrences. Although the pathophysiology that underlies the association of RAI with
oxidative stress in DTC patients requires further investigation, supplementation with antioxidants may be use-
ful due to their radioprotective effects®. Notably, Jafari et al. demonstrated the radioprotective effect of vitamin
C supplementation in DTC patients ablated with RAI'S. Richter et al. observed an increase in concentrations
of oxidative stress markers such as myeloperoxidase and oxidized low-density lipoproteins during the first two
days after ablation®!. A significant increase in the plasma of 8-Epi-prostaglandin F2 alpha (8-epi-PGF2a), as one
of the oxidative stress markers, was observed by Rosério et al. after RAI treatment®. However, Makarewicz et al.
demonstrated that the *'I DTC remnant ablation does not increase oxidative damage to membrane lipids within
the first days of therapy*%. Considering that, based on the literature data, oxidative damage to membrane lipids
may also increase after more than five days, the late effects of RAI should be also established®. RAI may pose a
long-term challenge in terms of increased oxidative stress levels. Based on their meta-analysis, Einor et al. found
strong effects on oxidative status in response to low-dose ionizing radiation with a large magnitude of the mean
effects®. Regarding to the obtained results, the lack in differences observed between the MDA concentration
measured at visit 3, compared to the control group, suggests the redox stabilization in DTC patients one year
after RAI therapy.

In our study, as a comprehensive approach, the long-term impact of RAI on DTC patients during ablation
treatment was determined, and a significant upregulation of CRP and LDL levels in DTC patients during the
study were observed. Moreover, three days after ablation, increased glucose and TSH concentrations were noted.
To assess the oxidative stress level, the MDA concentrations were determined at the day of qualification for
treatment, three days after RAI (performed after recombinant thyrotropin (rhTSH) stimulation), and 12 months
after ablation. The MDA levels demonstrated in the control group during the analysis were comparable to those
recorded by others?*°. We observed significant changes between the MDA concentration measured before, soon
after, and one year after ablation treatment. An increase in the oxidative stress level was demonstrated during V1
and V2, resulting from the early period after ablation potentially caused by '*'I application. The MDA concentra-
tion assessed three days after ablation was correlated with the TSH level. In this case, independent analysis of
oxidative stress intensity is challenging due to the greatly increased TSH concentration observed after rhTSH
application. Much of the literature data underlines the extrathyroidal effect of a high TSH level. Firstly, proangio-
genic effect of microvascular endothelial cells has been suggested, i.e. TSH enhances proliferation and stimulation
of capillary network formation by increased vascular endothelial growth factor (VEGF) synthesis?’~%°. Further-
more, using human microvascular endothelial cells, TSH was shown to stimulate angiogenesis and proliferation®.
It could be hypothesized that the effects of thyroid dysfunction observed in patients with pre-existing heart failure
could contribute to cardiovascular diseases®'. Recently, it has been emphasised that TSH may be involved in anti-
lipolytic/pro-lipogenic effects, because TSH could decreased adipose triglyceride lipase synthesis, and increased
TG accumulation due to disturbed TG synthesis®*>. On the other hand, it was suggested that iatrogenic thyroid
hormone influence could be combined with mimicking effects of paraoxonase activity, insulin sensitivity and
oxidative stress, by nitrogen oxide production via the TSHR/AKT signalling pathway inhibition®. These findings
suggest that extrathyroidal effect of high TSH level can be observed during RAI treatment®.

Moreover, a reduction in the oxidative stress level after one year of ablation was observed. Although a direct
association between the *'T dose and the intensity of oxidative stress is expected in DTC patients, a positive
correlation between *'I dose and MDA concentration after only one year after RAI was noted. In this case,
MDA measurements could be used to predict the side effects of RAL The application of '*'I causes oxidative
stress-related side effects, in this case, sensitive parameters are still needed for the screening of DTC patients™.
Moreover, considering the limited long-term clinical data assessing the dose-dependent impact of neoplastic
recurrence after ablation, it remains difficult to determine the optimal dose of RAT*.

More importantly, the MDA concentration measured among the ablation scheme had a positive correlation
with the lipid profile assayed before the treatment. This relationship could be explained by the origin of MDA,
which is one of the final products of polyunsaturated fatty acid peroxidation®’. Considering the controversial
aspects of cholesterol-dependent tumor metastasis promotion and the persistently increased levels of LDL and
CRP obtained in DTC patients, further research on novel biochemical screening biomarkers and medical target
discoveries would provide many beneficial outcomes®***. Literature data have underlined the increased risk of
coronary heart disease and ischemic stroke incidence after thyroidectomy*?***#! In such cases, improving the
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Study group Control group
Number of patients 55 20
Median age (upper and lower quartiles) 53 (50.54; 62.52) 52 (48.24; 60.23)
SE 1.99 2.87

M: 20 M:8
Sex

F:35 F:12
Menopausal status
Premenopausal 7 3
Postmenopausal 28 9

pTla: 30

pTla(m): 14

pT1b: 9 B
Stage of advancement (TNM) pT1b(m): 5

pT2:6

pT3/pT4: 10

Table 3. The study and the control group characteristics. F female, M male, (1) multifocal, p papillary cancer,
TNM cancer tumor-node-metastasis classification for differentiated and anaplastic thyroid cancer (based on
the characteristics of primary tumor site (pT)), pT1a tumor size<1 cm in greatest dimension limited to the
thyroid, pT1b tumor>1 cm but<2 cm in greatest dimension, limited to the thyroid, pT2 tumor size >2 cm
but<4 cm, limited to the thyroid, pT3/pT4 tumor size >4 cm, with gross extrathyroidal extension, SE standard
error™.

evaluation of the lipid profile and the MDA concentration before ablation may be beneficial for retaining the
long-term ablation effect while simultaneously calculating the risk of developing subsequent cardiovascular-
related complications.

Oxidative stress is defined as the excess production of ROS relative to antioxidant defense. Because ROS
have very short life span, their detection remains difficult. Nevertheless, ROS-related tissue destruction can be
observed by the final products of lipid peroxidation, such as MDA. Therefore, MDA’ diagnostic utility has been
suggested in many diseases, such as colorectal cancer?, spontaneous intracerebral hemorrhage‘”, depression*+*,
and alcoholic hepatitis diagnosis*. Furthermore, MDA has also been demonstrated to be a significant independ-
ent positive predictor of the patient depth of tumor invasion and an independent positive predictor of lymph node
infiltration by cancer tissue, as well as the occurrence of metastasis*2. However, when considering common MDA
measurements in clinical practice, the need for full validation data should be considered. Providing reproducible,
repeatable, and valid analytical methods could result in the development of MDA-based marker panels for the
diagnosis, prognosis, and therapeutic strategies of many conditions*. Regardless of the source, an increase in
the oxidative stress level in DTC patients has been suggested as a potential risk factor for cancer progression®.
MDA measurements can be considered a promising screening biomarker in cancer*->!, Furthermore, biological
variations of MDA showed low individuality (I > 1.40) following literature data reccommendation®. These results
support the hypothesis that MDA measurement is useful in DTC treatment efficiency assessment, but more data
in this field is needed. Thus, there is still a need to evaluate the role of oxidative stress screening biomarkers in
the follow-up of RAI therapy. Besides, our results indicate a potential role of the application of oxidative stress
markers in the qualification process and follow-up after RAI therapy. Moreover, the origin of the disturbed meta-
bolic pathways caused by increased oxidative stress level combined with RAI therapy should be also thoroughly
analyzed. Our study indicates that oxidative stress-related parameter measured in the DTC patients were directly
related to the RAI but also to the high TSH concentration observed after rhTSH intervention. Furthermore, the
direct functions of antioxidants measured in RAI treatment were not thoroughly examined'®. It can be assumed
that disturbed metabolic processes observed in patients compartment are not particularly counteracted by addi-
tional synthesis of antioxidants. Accordingly, the literature data comparing RAI treatment side-effects are still
mainly retrospective and observational, with a subsequent lack of high-quality prospective randomized clinical
trials. Our analysis is of great importance in understanding the role of oxidative stress in the pathophysiology
of DTC and RAI treatment. Despite the validity of this study, this research should be considered as preliminary.
The small sample size should be also considered as a limitation. Further research with a simultaneous compari-
son of biochemical parameters, follow-up markers and MDA measurement should be carried out in the future.

In conclusion, increased oxidative stress reflected by MDA measurements in DTC patients is further enhanced
by RAL but this effect is no longer observed one year after RAI. Moreover, as a preliminary assumption, MDA
may be a useful indicator of oxidative stress in DTC patients after RAI therapy, but more study in this field is
needed.

Materials and methods

Study subjects. This research was conducted during scheduled hospitalizations at the Department of
Endocrinology, Diabetology, and Internal Diseases, Medical University of Bialystok, Poland. All patients were
diagnosed as having papillary DTC based on clinical laboratory tests and ultrasound imaging, then confirmed
by fine needle aspiration, followed by histopathological examination underwent after total resection of the thy-
roid gland. Fifty-five patients with DTC were enrolled in the study and their median age was 53 years (Table 3).
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A necessary sample size to detect the significant differences in all studied parameters between groups was
confirmed using power analysis. Considering 5% margin of error and 95% confidence level, recommended
sample size for our preliminary study is 16. Following recruitment analysis, 55 patients were enrolled to study
group and 20 healthy volunteers were qualified for the control group. The study groups were homogeneous and
did not differ regarding age and sex. The inclusion criteria were as follows: patients treated for DTC, no other
comorbidities, no use of immunosuppressive medicaments, currently non-smokers and an overall health status
assessed as good. Patients undergoing first RAI ablation 2-3 months after total thyroid resection were qualified
to the study. Patient with stage pT'1a were qualified to RIT based on the individual clinicists decision because of
an incomplete resection of the neoplastic lesion and/or thyroid gland confirmed by imaging tests (scintigraphy
and neck ultrasound). Furthermore, some patients were diagnosed with multifocal carcinoma with angioinva-
sion and/or capsular infiltration and had increased thyroglobulin concentration. For purpose of this study, the
patients were hospitalized at three timepoints: for the qualification to treatment (V1), 3 days after RAI treatment
(performed after rhTSH stimulation (V2) and 12 months after RAI treatment (V3).

The doses of radioiodine were tailored to every patient based on the size of the cancer residue and general
health conditions (mean dose 3516+ 1132 MBg; 95+ 30.6 mCi), according to the national guidelines®*. Ultra-
sound examinations were performed at every visit during the study. The control group consisted of 20 heathy vol-
unteers with a median age of 52 years. The control group inclusion criteria were based on the lack of occurrence
of any chronic disease, inflammations or the undergoing of any additional treatments to avoid interference with
other pathologies. The median age of the whole group (study and control) was 55 years (quartile 25—48.5 years;
quartile 75—62.5 years).

Sample collection and measurement. Venous blood (5.5 mL) was obtained at the days of the subse-
quent visits and centrifuged, with serum subsequent separation and then frozen at—80 °C. The procedures were
approved by the Local Ethics Committee of the Medical University of Bialystok, Poland, and written informed
consent was obtained from each participant (R-1-002/491/2019).

The TSH, free triiodothyronine (fT3), free thyroxine (fT4), and thyroglobulin antibody (TGBAb) concentra-
tions were measured by a Roche E411 device (Roche Diagnostics, Sussex, UK) using the electrochemilumines-
cence (ECLIA) method. The triglyceride (TG), low-density lipoprotein (LDL), high-density lipoprotein (HDL),
cholesterol (CHOL), and C-reactive protein (CRP) concentrations were assayed using the enzymatic colorimetric
method on a Roche C111 device (Roche Diagnostics, Basel, Switzerland). The MDA concentration was deter-
mined using the thiobarbituric acid reactive substance (TBARS) reaction, through which MDA can be quantified
calorimetrically following its controlled reaction with thiobarbituric acid (intra-assay coefficient of variation
(CV)—4.9%; inter-assay CV—2.5%, limit of detection (LOD) -0.06 uM; limit of quantification (LOQ)—0.2 uM),
(TBARS Assay Kit; Cayman Chemical Corp., USA, 10009055), which was performed according to the manufac-
turer’s recommendations. Samples and controls were measured using the blind analysis method in the same run.

Statistical analysis. Statistical analyses were performed using GraphPad Prism 9.0 software (GraphPad
Software, Inc., San Diego, CA, USA). The preliminary statistical analysis (Shapiro-Wilk test) revealed that the
studied parameters did not follow a normal distribution. Thus, nonparametric tests were used for the statistical
analysis between groups. All data are presented as the median and quartiles. A Mann-Whitney U test for inde-
pendent samples was used to examine the statistical differences in the clinical parameters between the DTC and
control patient samples. Additionally, a Friedman’s repeated measures analysis of variance and post-hoc Dunn’s
test were performed to compare the biochemical parameters between the visits among DTC patients. Correla-
tions were determined using nonparametric Spearman’s tests using GraphPad Prism 9.0 (GraphPad Software,
Inc., San Diego, CA, USA); p <0.05 was considered statistically significant.

Institutional review board statement. The study was conducted according to the guidelines of the Dec-
laration of Helsinki and the procedures were approved by the Local Ethics Committee of the Medical University
of Bialystok, Poland (R-1-002/491/2019).

Informed consent statement. Informed consent was obtained from all subjects involved in the study.

Data availability
The data presented in this study are available on request from the corresponding author. The data are not publicly
available to protect personal data.

Received: 16 February 2021; Accepted: 12 August 2021
Published online: 24 August 2021

References

1. Cabanillas, M. E., McFadden, D. G. & Durante, C. Thyroid cancer. Lancet 388, 2783-2795 (2016).

2. Roman, B. R., Morris, L. G. & Davies, L. The thyroid cancer epidemic, 2017 perspective. Curr. Opin. Endocrinol. Diabetes Obes.
24, 332-336 (2017).

3. Nguyen, Q. T. et al. Diagnosis and treatment of patients with thyroid cancer. Am. Health Drug Benefits 8, 30-38 (2015).

4. Cabanillas, M. E., Ryder, M. & Jimenez, C. Targeted therapy for advanced thyroid cancer: Kinase inhibitors and beyond. Endocr.
Rev. 40, 1573-1604 (2019).

5. Rosdrio, P. W, Batista, K. C. S. & Calsolari, M. R. Radioiodine-induced oxidative stress in patients with differentiated thyroid
carcinoma and effect of supplementation with vitamins C and E and selenium (antioxidants). Arch. Endocrinol. Metab. 60, 328-332
(2016).

Scientific Reports |

(2021) 11:17126 | https://doi.org/10.1038/s41598-021-96637-5 nature portfolio



www.nature.com/scientificreports/

6. Spasojevi¢-Tisma, V. D. et al. Redox parameters in blood of thyroid cancer patients after the radioiodine ablation. Nucl. Technol.
Radiat. Prot. 32, 358-365 (2017).
7. Seib, C. D. & Sosa, J. A. Evolving understanding of the epidemiology of thyroid cancer. Endocrinol. Metab. Clin. N. Am. 48, 23-35
(2019).
8. Grani, G., Lamartina, L., Durante, C., Filetti, S. & Cooper, D. S. Follicular thyroid cancer and Hiirthle cell carcinoma: Challenges
in diagnosis, treatment, and clinical management. Lancet Diabetes Endocrinol. 6, 500-514 (2018).
9. Deng, Y. ]. et al. Global burden of thyroid cancer from 1990 to 2017. JAMA Netw. Open 3, 208759 (2020).
10. Maurya, R. P. et al. Serum malondialdehyde as a biomarker of oxidative stress in patients with primary ocular carcinoma: Impact
on response to chemotherapy. Clin. Ophthalmol. 15, 871-879 (2021).
11. Giuffrida, D. et al. Thyroidectomy as treatment of choice for differentiated thyroid cancer. Int. J. Surg. Oncol. 2019, 13 (2019).
12. Carballo, M. & Quiros, R. M. To treat or not to treat: The role of adjuvant radioiodine therapy in thyroid cancer patients. J. Oncol.
2012, 11 (2012).
13. Gil, O. M. et al. Cytogenetic alterations and oxidative stress in thyroid cancer patients after iodine-131 therapy. Mutagenesis 15,
69-75 (2000).
14. Klain, M., Ricard, M., Leboulleux, S., Baudin, E. & Schlumberger, M. Radioiodine therapy for papillary and follicular thyroid
carcinoma. Eur. J. Nucl. Med. 29, S479-S485 (2002).
15. Wang, S. et al. Influence of radioactive iodine therapy on liver function in patients with differentiated thyroid cancer. Nucl. Med.
Commun. 39, 1113-1120 (2018).
16. Wang, Y. et al. Total body irradiation causes residual bone marrow injury by induction of persistent oxidative stress in murine
hematopoietic stem cells. Free Radic. Biol. Med. 48, 348-356 (2010).
17. Liu, B. et al. Influence of vitamin C on salivary absorbed dose of 1311 in thyroid cancer patients: A prospective, randomized,
single-blind, controlled trial. . Nucl. Med. 51, 618-623 (2010).
18. Jafari, E., Alavi, M. & Zal, F. The evaluation of protective and mitigating effects of vitamin c against side effects induced by radi-
oiodine therapy. Radiat. Environ. Biophys. 57, 233-240 (2018).
19. Upadhyaya, A. et al. Radioprotective effect of Vitamin E on salivary glands after radioiodine therapy for differentiated thyroid
cancer: A randomized-controlled trial. Nucl. Med. Commun. 38, 891-903 (2017).
20. Nuszkiewicz, J., Wozniak, A. & Szewczyk-Golec, K. Ionizing radiation as a source of oxidative stress—The protective role of
melatonin and vitamin d. Int. J. Mol. Sci. 21, 1-22 (2020).
21. Richter, B. et al. Markers of oxidative stress after ablation of atrial fibrillation are associated with inflammation, delivered radi-
ofrequency energy and early recurrence of atrial fibrillation. Clin. Res. Cardiol. 101, 217-225 (2012).
22. Makarewicz, J., Lewiski, A. & Karbownik-Lewiska, M. Radioiodine remnant ablation of differentiated thyroid cancer does not
further increase oxidative damage to membrane lipids—Early effect. Thyroid Res. 3,7 (2010).
23. Oxidative and Antioxidative Factors in the Serum of Thyroid Cancer Patients Treated with 1311—PubMed. https://pubmed.ncbi.
nlm.nih.gov/8173578/.
24. Einor, D., Bonisoli-Alquati, A., Costantini, D., Mousseau, T. A. & Moller, A. P. Ionizing radiation, antioxidant response and oxida-
tive damage: A meta-analysis. Sci. Total Environ. 548-549, 463-471 (2016).
25. Lorente, L. et al. Serum malondialdehyde levels in patients with malignant middle cerebral artery infarction are associated with
mortality. PLoS ONE 10, 125893 (2015).
26. Lee, ]. S, Kim, H. G,, Lee, D. S. & Son, C. G. Oxidative stress is a convincing contributor to idiopathic chronic fatigue. Sci. Rep. 8,
1-7 (2018).
27. Tian, L. et al. Effects of TSH on the function of human umbilical vein endothelial cells. J. Mol. Endocrinol. 52, 215-222 (2014).
28. Suh, B. et al. Increased cardiovascular risk in thyroid cancer patients taking levothyroxine: A nationwide cohort study in Korea.
Eur. J. Endocrinol. 180, 11-20 (2019).
29. Pajamiki, N. et al. Long-term cardiovascular morbidity and mortality in patients treated for differentiated thyroid cancer. Clin.
Endocrinol. (Oxf) 88, 303-310 (2018).
30. Balzan, S. et al. Proangiogenic effect of TSH in human microvascular endothelial cells through its membrane receptor. J. Clin.
Endocrinol. Metab. 97, 1763-1770 (2012).
31. Kannan, L. et al. Thyroid dysfunction in heart failure and cardiovascular outcomes. Circ. Heart Fail. 11, 005266 (2018).
32. Sorisky, A. Subclinical hypothyroidism - What is responsible for its association with cardiovascular disease?. US Endocrinol. 12,
117-119 (2016).
33. Chen,J. et al. TSH inhibits eNOS expression in HMEC-1 cells through the TSHR/PI3K/AKT signaling pathway. Ann. Endocrinol.
(Paris) 80, 273279 (2019).
34. Yavuz, D. G. et al. Association of serum paraoxonase activity with insulin sensitivity and oxidative stress in hyperthyroid and
TSH-suppressed nodular goitre patients. Clin. Endocrinol. (Oxf) 61, 515-521 (2004).
35. Jackson, S. E. & Chester, J. D. Personalised cancer medicine. Int. J. Cancer 137, 262-266 (2015).
36. Radioiodine therapy induces dose-dependent in vivo oxidation injury: Evidence by increased isoprostane 8-epi-PGF2a. J. Nucl.
Med. https://jnm.snmjournals.org/content/43/9/1254.long.
37. Ayala, A., Muiioz, M. E & Argiielles, S. Lipid peroxidation: Production, metabolism, and signaling mechanisms of malondialdehyde
and 4-hydroxy-2-nonenal. Oxidat. Med. Cell. Longev. 2014, 14 (2014).
38. Li, D. et al. Comparative analysis of the serum proteome profiles of thyroid cancer: An initial focus on the lipid profile. Oncol. Lett.
18, 3349-3357 (2019).
39. Revilla, G. et al. Cholesterol and 27-hydroxycholesterol promote thyroid carcinoma aggressiveness. Sci. Rep. 9, 1-13 (2019).
40. Klein Hesselink, E. N. et al. NT-proBNP is increased in differentiated thyroid carcinoma patients and may predict cardiovascular
risk. Clin. Biochem. 50, 696-702 (2017).
41. Toulis, K. A. et al. Risk of incident circulatory disease in patients treated for differentiated thyroid carcinoma with no history of
cardiovascular disease. Clin. Endocrinol. (Oxf) 91, 323-330 (2019).
42. Rasi¢, I, Rasi¢, A., Ak$amija, G. & Radovi¢, S. The relationship between serum level of malondialdehyde and progression of
colorectal cancer. Acta Clin. Croat. 57, 411-416 (2018).
43. Lorente, L. et al. Serum malondialdehyde levels and mortality in patients with spontaneous intracerebral hemorrhage. World
Neurosurg. 113, e542-e547 (2018).
44. Luan, X. et al. Association between serum malondialdehyde levels and depression during early methamphetamine withdrawal.
Neurosci. Lett. 687, 22-25 (2018).
45. Liu, Z. et al. Malondialdehyde: A novel predictive biomarker for post-stroke depression. J. Affect. Disord. 220, 95-101 (2017).
46. Pérez-Hernandez, O. et al. Malondialdehyde as a prognostic factor in alcoholic hepatitis. Alcohol Alcohol. 52, 305-310 (2017).
47. Jafari, M. K., Ansarin, K. & Jouyban, A. Letter to the Editor Comments on ‘Use of malondialdehyde as a biomarker for assessing
oxidative stress in different disease pathologies: A review” Dear Editor-in-Chief. Iran J. Public Health 44. http://ijph.tums.ac.ir
(2015).
48. Xing, M. Oxidative stress: A new risk factor for thyroid cancer. Endocr. Relat. Cancer 19, C7 (2012).
49. Lepara, Z. et al. Serum malondialdehyde (MDA) level as a potential biomarker of cancer progression for patients with bladder
cancer. Rom. J. Intern. Med. 58, 146-152 (2020).
Scientific Reports|  (2021) 11:17126 | https://doi.org/10.1038/s41598-021-96637-5 nature portfolio


https://pubmed.ncbi.nlm.nih.gov/8173578/
https://pubmed.ncbi.nlm.nih.gov/8173578/
https://jnm.snmjournals.org/content/43/9/1254.long
http://ijph.tums.ac.ir

www.nature.com/scientificreports/

50. Zinczuk, et al. Antioxidant barrier, redox status, and oxidative damage to biomolecules in patients with colorectal cancer. Can
malondialdehyde and catalase be markers of colorectal cancer advancement?. Biomolecules 9, 637 (2019).

51. Dhama, K. et al. Biomarkers in stress related diseases/disorders: Diagnostic, prognostic, and therapeutic values. Front. Mol. Biosci.
6,91 (2019).

52. Kurutas, E. B.,, Gumusalan, Y., Cetinkaya, A. & Dogan, E. Evaluation of method performance for oxidative stress biomarkers in
urine and biological variations in urine of patients with type 2 diabetes mellitus and diabetic nephropathy. Biol. Proced. Online
17,1-7 (2015).

53. Sherman, S. I. Thyroid carcinoma. Lancet (Elsevier) 361, 501-511 (2003).

54. Jarzab, B. et al. Guidelines of polish national societies diagnostics and treatment of thyroid carcinoma 2018 update. Endokrynol.
Pol. 69, 34-74 (2018).

Author contributions

Conceptualization, A.B. and A.P-K.; methodology, A.B., LS., M.R. and ].M; data curation, A.B., K.S., K.M; formal
analysis, A.B., L.S.P.S.Z., ].D.Z,; visualization, A.B. and I.S.; supervision, A.P.-K., A.A., and A.K.; writing—origi-
nal draft, A.B. and L.S.; writing—review and editing, K.S., M.K., and A.P.-K. All authors read and agreed to the
published version of the manuscript.

Funding
This study was funded by internal financing of the Medical University of Bialystok (SUB/1/DN/20/001/1155).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.B. or A.P.-K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:17126 | https://doi.org/10.1038/s41598-021-96637-5 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Oxidative stress and radioiodine treatment of differentiated thyroid cancer
	Results
	Biochemical results. 
	Ablation-induced effects on MDA serum profile. 
	Relationship between the oxidative stress marker and biochemical measurements. 

	Discussion
	Materials and methods
	Study subjects. 
	Sample collection and measurement. 
	Statistical analysis. 
	Institutional review board statement. 
	Informed consent statement. 

	References


